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Abstract 

We study the Odderon contribution to elastic pp and pp scattering at high 
energies. Different models for the Odderon-proton coupling are considered and 
their effects on the differential cross section in the dip region are investigated. 
We use a Regge fit by Donnachie and Landshoff as a framework and replace its 
Odderon contribution by the different models. We consider two models for the 
Odderon-proton impact factor proposed by Fukugita and Kwiecihski and by Levin 
and Ryskin. In addition we construct a geometric model of the proton which allows 
us to put limits on the size of a possible diquark cluster in the proton. All models 
are able to describe the data well. The two models for the impact factor require 
the strong coupling constant to be fixed rather precisely. In the geometric model 
a relatively small diquark size is required to describe the data. 
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1 Introduction 



The Odderon is an interesting but elusive object. Its history goes back to 1973 when 
the possible contribution of an exchange carrying negative C parity to very high energy 
collisions was first discussed Q. The leading contribution to hadronic scattering pro- 
cesses is in general well described by the exchange of a Pomeron with intercept a ~ 1.09, 
resulting in slowly rising cross sections, a ~ s"~^ Q. The Pomeron carries vacuum 
quantum numbers and therefore leads to a high energy behaviour of hadronic cross 
sections that is equal for pp and pp scattering. In lowest order in QCD the Pomeron 
can be identified with the exchange of two gluons in a colour singlet state. The Odd- 
eron is the C = — 1 partner of the Pomeron. In lowest order it can be understood as 
the exchange of three gluons in a symmetric colour singlet state. As in the case of the 
Pomeron, the Odderon exchange gives a contribution to the cross section that behaves 
like a power of the energy, s"''"^. The Odderon intercept ao is expected to be close to 
one — in contrast to the intercept of C = — 1 reggeon exchanges which is around 0.5. 
For a review of the historic roots of the Odderon and some relevant references we refer 
the reader to Q. 

The experimental evidence for existence of an Odderon, however, remains rather 
scarce. For a long time the Odderon search concentrated on observing a difference 
between the cross sections for pp and pp scattering at high energies. The Odderon 
causes such a difference because it carries negative C parity and thus gives opposite 
contributions to these cross sections. For an intercept larger than one this difference 
should in fact increase with energy and give a visible effect. But recent perturbative 
results indicate that the intercept is smaller than or equal to one such that the difference 
does not increase. The experimental data actually disfavour a sizable effect of the 
Odderon in this difference. More sensitive to the Odderon exchange than the cross 
section is the ratio of the real to the imaginary part of the scattering amplitude in 
the forward direction. But also there no indication of an Odderon exchange has been 
found . To date the only evidence for the existence of the Odderon is found in the 
t-dependence of pp and pp elastic cross sections at high energy. The pp data show 
a characteristic dip at |t| ~ 1.3 GeV^, whereas the pp data only flatten off at that t. 
Unfortunately, there are only few pp data available |5|, ^ . Figure || shows the data ||5) in 
the relevant region of the dip. A good description of all available data |^-[^ for elastic 
pp scattering was given by Donnachie and Landshoff [0]. In this description (see also 
section below) the presence or absence of the dip originates from the exchange of 
the Odderon. Also the behaviour of the elastic cross sections at large t is well described 
by Odderon exchange. A number of aspects of elastic pp and pp scattering has been 
discussed in the literature particularly in the light of Odderon physics, see for example 
[|l^]-|18|. No other successful description of the data without an Odderon has been 
found so far. 

Recently there has been renewed interest in the Odderon which has especially con- 
centrated on two areas. One of these areas is the perturbative treatment of the Odderon 
and in particular the determination of the Odderon intercept [^]-[27|. Perturbation 
theory can be applied to this problem if a scattering process involves a large momentum 
scale. The perturbative Odderon is described by the Bartels-Kwiecinski-Praszalowicz 
equation [28, 29 1 which resums large logarithms of the center-of-mass energy. It has 
the form of a Bethe-Salpeter type equation for the interaction of a system of three 
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Figure 1: Differential cross section for elastic pp and pp scattering in the dip region for 
y/s = 53 GeV; data taken from 0] 



reggeized gluons in the t-channel. The interaction of the gluons induces a non-trivial 
energy dependence of the cross section, i. e. it leads to an intercept different from one. 
A number of interesting aspects of the perturbative Odderon has been studied in |3C]- 



P^ ]. In [31, 32 1 it was shown that this system of three reggeized gluons is equivalent 
to an integrable model. Eventually the study of this system lead to the determination 



of its ground state energy ||2^, 26 1. It was found to correspond to an intercept slightly 
below one. There exists, however, a special solution with intercept exactly equal to one 
[p^ j. In even the whole energy spectrum of the perturbative Odderon was found. 
Another aspect of the perturbative Odderon is its role played in the theory of unitarity 
corrections to the perturbative (BFKL) Pomeron ^ . This problem was addressed 



in 1 47] where the perturbative Pomeron-Odderon-Odderon vertex was calculated. 

The other area on which interest has concentrated is to find more exclusive processes 
in which the Odderon contribution should be dominant. Some processes have been 
considered which can be calculated perturbatively. The most interesting among them 
is the diffractive photo- or electroproduction of r]c or other heavy pseudoscalar mesons 
at HERA 1 48, |5^. If these mesons have charge parity +1 Pomeron exchange cannot 



contribute to their photo- or electroproduction |51]. However, the corresponding cross 
sections are estimated to be rather small, in the range of several tens of pb or even 
lower. Much larger cross sections are expected for the diffractive production of light 
pseudoscalar and tensor mesons [52, In this case the theoretical predictions require 
the use of nonperturbative methods and models [54, ^s], 56[. But recent measurements 
of pion photoproduction by the HI collaboration did not show any signs of the Odderon 
The reasons for this failure of the prediction are not clear at the moment, and 
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the presence of this process should in fact not be specific to the model assumptions. 
Recently it was proposed to investigate certain charge asymmetries in diffractive 
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processes ||5^, These asymmetries arise from Pomeron-Odderon interference and 
are expected to provide a good chance of finding the Odderon at HERA. Another 
process of interest wih be the quasidiffractive production of rj^ (or other pseudoscalar 
or tensor) mesons in cohisions of real or virtual photons at a future linear collider like 
TESLA An interesting process for the Odderon search is also double-diffractive 
production of vector mesons at Tevatron or at the LHC |62| ]. 

The apparent absence of the Odderon in the photoprodution of pions mentioned 
above is rather surprising. Its cause is an open question which clearly needs to be clar- 
ified. One obvious possibility is that for some reason the nonperturbative model used 
here does not work properly in this particular situation and that the cross section has 
thus been overestimated. This uncertainty can be excluded in perturbative situations. 
Therefore the investigation of perturbative processes involving the Odderon becomes 
even more important. 

A theoretical uncertainty that is inherent even in the perturbatively calculable pro- 
cesses like diffractive r]c production is the exact form of the coupling of the Odderon 
to the proton, i. e. the Odderon-proton impact factor. A few very general facts about 
its structure are known, but some model assumptions always need to be made. But 
it is well known that the proton structure can in fact have very dramatic effects on 
this impact factor. In the extreme case that the proton would exhibit a quark-diquark 
structure with a pointlike diquark, for example, the impact factor even vanishes |ll3| , |63| . 
It was pointed out ||6^ that even a diquark cluster of a size as large as 0.3 fm could 
explain the experimental limit for the difference in the ratios of the real and imaginary 
part for pp and pp forward scattering. It is the aim of the present paper to study the 
influence of the proton structure on the Odderon coupling and compare it with the 
available data for elastic pp and pp scattering in the dip region. As a framework we use 
the fit by Donnachie and Landshoff |1C]. We replace the Odderon-proton coupling used 
in that fit by a model for the proton structure which allows us to study the influence 
of a possible quark-diquark structure of the proton. The squared momentum transfer 
t in the dip region appears to be large enough to make the use of the simple picture of 
perturbative three gluon exchange possible in which the Odderon has intercept one. A 
slow energy dependence of the Odderon due to logarithmic enhancements should not 
have a sizable effect in the restricted range of energies for which data are available. In 
a similar way we also test other Odderon-proton impact factors that have been used 
recently in diffractive r]c production. The crucial point is that we are now able to 
see whether they are compatible with the only existing data which clearly involve an 
Odderon exchange. 

The paper is organized as follows. In section O we briefly sketch the origi- 
nal Donnachie-Landshoff fit and describe in section 2^ two different models for the 
Odderon-proton impact factor proposed in the literature. In subsection 2.3 we present 
a geometrical model for the proton structure in position space. We show how this 
model can be implemented in a more general framework of high energy scattering in 
position space when applied to Odderon exchange. In section |3| we present the results 
for the differential cross section using these different models and confront them with 
data. Finally, we give a brief summary and conclusions in section 0. 
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2 Odderon-proton coupling and proton structure 



In this section we discuss different ways in wfiicfi the Odderon-proton coupling can be 
described. We start by giving a short description of the Donnachie-Landshoff (DL) fit 
and its making use of the Odderon. We then consider the perturbatively motivated 
description of the Odderon-proton coupling via impact factors. These impact factors 
are usually used in perturbative calculations and most naturally written in momentum 
space. We discuss two different models of the impact factors that have been proposed in 
the literature. Finally we turn to a geometrical picture of the proton as a three-quark 
system in which we can easily study the effects of a possible quark-diquark structure 
in the proton. Obviously this geometrical model of the proton is most conveniently 
formulated in position space. We therefore find it useful to give a description of Odderon 
exchange that works entirely in position space. We start from a general framework 
for high energy scattering and then derive a description of perturbative three-gluon 
exchange in position space. The use of a simple picture of the Odderon as an exchange 
of three perturbative gluons in the present paper is motivated by the fact that we 
are only considering the dip region of pp scattering at around |t| ~ 1.3 GeV^. This 
momentum transfer, however, is at the lower edge of the applicability of perturbation 
theory. A study of the dip region in a nonperturbative framework would therefore be 
very desirable. Although such a study is beyond the scope of the present paper we hope 
to pave the way for it by deriving the perturbative description of Odderon exchange 
in position space in a more general framework which can also be used to implement 
nonperturbative models. 



2.1 The Donnachie-Landshoff fit 

A successful phenomenological description of all available pp and pp elastic scattering 
data in the framework of Regge theory was given by Donnachie and Landshoff |10|. This 



description is based on a number of exchanges in the t-channel: Pomeron, reggeon, 
Odderon, double Pomeron, triple Pomeron, Pomeron plus two gluons, and reggeon 
plus Pomeron. These exchanges are explicitly given as contributions to the scattering 
amplitude T(s,t). For later use we would like to single out the Odderon contribution 
to that sum, 

T{s,t)=T^{s,t) + T^^{s,t), (1) 

where T^^ denotes all other contributions to the scattering amplitude, including the 
C-odd reggeon contribution. The differential cross section is then obtained from the 
scattering amplitude T via 

^ = -nr^\ns,t)\\ (2) 

at lb vr 

The different contributions to the scattering amplitude come with a number of pa- 



rameters which have been fitted to all available data for elastic pp-scattering in [10|. 
The details and all parameters can be found in that reference. In the present paper 
we do not attempt to improve the Donnachie-Landshoff fit. However, there appears 



to be a misprint in |10|. In order to reproduce a successful fit to the data the cutoff 



parameter ti for the gluon propagator as well as the parameter to describing the charge 
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distribution radius of the proton should be chosen as 



tQ = ti= 0.3 GeV^ 



(3) 



instead of to = ti = 300 MeV^ as given in eq. (17) of the original paper |1C]. With these 
changes in the original parameters we can reproduce the Donnachie-Landshoff fit. It 
is shown together with the relevant data in figure ^ where we have chosen to restrict 
ourselves to the dip region relevant for our study. 
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Figure 2: The Donnachie-Landshoff fit for the differential elastic pp cross section 

The Odderon contribution is particularly important at large t and in the dip region. 
The dip originates from interference effects of the Odderon contribution with other 
contributions, in particular with those of Pomeron and double Pomeron exchange. At 
large t the differential cross section is even dominated by Odderon exchange, leading to 
the observed behaviour. In [0] the large-t data have therefore been used to fix the 
normalization parameter of the Odderon contribution T'~' . In |64] it is argued that this 



dominance of the Odderon at large t comes about because the exchange of three gluons 
permits to distribute the momentum transfer evenly between the three quarks in the 
proton. Accordingly, that dominant contribution corresponds to a situation in which 
each of the three gluons is coupled to a different quark in the proton, see diagram (c) 
in figure ^. Also at smaller values of t the authors of jl^ use a coupling of the Odderon 
to the proton which is given only by this diagram. By selecting a single diagram only, 
however, gauge invariance is lost and the corresponding contribution becomes divergent 
as one of the gluon momenta goes to zero. Therefore the gluon propagator needs to be 
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(a) (b) 



(c) 

Figure 3: Diagrams contributing to the Odderon-proton impact factor 

regularized by introducing the cut-ofF parameter ti (see above). With this procedure 
the couphng of the Odderon to the proton used in leads to a reasonably good 
agreement with the data also at intermediate values of t as shown in figure |2|. 

A note concerning the terminology used in [^] seems to be in order. In that paper 
the Odderon contribution is called 'three gluon exchange' but is in fact a pure C = — 1 
Odderon exchange. In principle, it is of course possible to have three gluons in a C = +1 
state, that is in an antisymmetric colour state. The fact that the three gluon exchange 
in the DL fit carries only C = — 1 quantum numbers is due to the particular coupling 
of the three gluons to the proton chosen in in which each of the three gluons is 
coupled to a different quark, see diagram (c) in figure ^ This immediately implies 
that the three gluons are in a symmetric colour state. (See also equation (|2^ ) and the 



corresponding discussion in section 2.3 below.) However, gauge invariance requires to 
include all possible ways of coupling the three gluons to the three quarks in the proton, 
in particular also diagrams of the type (a) and (b) in figure |3[ 

Finally, we would like to point out that the exchange of a three-gluon state carrying 
positive C parity is not expected to change the DL fit. Due to reggeization a C = 
+1 perturbative state of three gluons has in the high energy limit the same analytic 
properties as a Pomeron made of two gluons (6^ (see also [^Tj). In a fit to the data 
such a contribution would therefore be absorbed by the full Pomeron exchange and is 
thus effectively already contained in the DL fit. It is therefore not necessary to consider 
a C = +1 three gluon exchange separately. 

2.2 Impact factors 

In the approach using impact factors the Odderon contribution to the elastic proton- 
proton scattering amplitude is written in factorized form as 

T (s>*) = / 7TTru7^Tr\4 ^p('3it,52t,At) ^ ^— , (4) 



32 6 3! 7 (27r)4 (2vr)4 L -J SlJ^ - ht - S^t? 
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where the integral is over transverse momenta only. Here, is the total transverse 
momentum transferred in the i-channel, and t = — A^. The last factor in the integral 
consists of the three gluon propagators which we assume to model the Odderon at large 
t. The 5/6 originates from a colour factor and the 1/3! is implied by the exchange of 
three identical gluons. The impact factor ^p{6it,52t,S^t) describes the coupling of the 
Odderon to the proton; it is not known from first principles. But some of its properties 
can be derived from general principles. In order to arrive at a gauge invariant expression 
for the impact factor one needs to take into account all possible ways to couple the three 
gluons to the three quarks in the proton. That means one has include all three types 
of diagrams in figure ^ and the corresponding permutations of the gluon lines. The 
colour neutrality of the proton requires that the impact factor vanishes if one of the 
three transverse gluon momenta 6it vanishes, 

^p(4,4,4). =0, iG {1,2,3}, (5) 

Oit=0 

which ensures that potential infrared singularities due to the gluon propagators in the 
integral (^) are cancelled. The above property implies that the impact factor has the 
general form 



2 „3 



3 

F{At, 0, 0) - ^ F(4, At - 4, 0) + 2F(4, 

i=l 



(6) 

where Aj = J2i=i^it, and F{6it,d2t,^3t) is a form factor. The three terms in square 
brackets correspond (in the order given in eq. (^)) to the diagram types (a), (b), and 
(c) in figure ^ respectively. The form factor F is related to the structure of the proton. 
Its exact form is unknown and needs to be modelled. 



One model for the form factor F was given by Fukugita and Kwieciiiski in [66|, 



- - - 

F{Sit, S2t, Sst) = — 7777 ^-z -f f—z 77 ^— - • (7) 

The parameter A is chosen to be half the p mass, A = 384 MeV. This model for the 
form factor has recently been used in the estimate of the cross section for diffractive rjc 
photo- or electroproduction at HERA |]4^ , |49| , In these references a rather large 
value of as = 9^/(4vr) = 1 has been used for the strong coupling constant. This value 
was motivated by the use of a similar value in an estimate of hadronic cross sections in 
the two-gluon model of |67]. 



Another model for the form factor F was proposed by Levin and Ryskin |14|. Their 
ansatz is motivated by a nonrelativistic quark model with oscillatory potential. Its 
explicit form is 

F{6u, 4, 4) = exp (^-Rl J2 4t) • (8) 
The parameter Rp is supposed to be of the order of magnitude of the proton radius. 

bp. 

i,p 

missing minus sign to be in the exponent of Rp instead would imply an unusually small 



In 1 14] a value of 2.75 GeV^ is given for the quantity R^. We assume that the misprint 



is located in the exponent of the units and thus use R^ = 2.75 GeV ^. Assuming the 



proton radius. The authors of |14] suggest to choose Og = 1/3 
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2.3 High energy scattering in position space 

In this subsection we give a very short recapitulation of the basic ideas of the treat- 
ment of high energy scattering developed by Nachtmann [^], for details and further 
justification we refer the reader to the original article. The method is based on the 
functional representation of scattering matrix elements and the WKB method. We 
first consider quark-quark scattering amplitudes in an external colour field using the 
WKB approximation. The quantization is done by functional integration. Nucleon- 
nucleon scattering amplitudes are obtained from scattering amplitudes of clusters of 
quarks by averaging over wave functions in transverse space. This is an alternative to 
the treatment of high energy scattering in momentum space and particularly suited 
for investigating the effects of the spatial structure of the hadrons. In the present pa- 
per we use perturbative three-gluon exchange to model the Odderon, but the method 
presented here also allows one to easily incorporate nonperturbative models. 

The first step is to transform the 5-matrix element of two quarks with incoming 
momenta pi,p2 and outgoing momenta pz^PA into a Green function. This is done by 
means of the LSZ reduction formalism, 

(P3 pT'\P1 P'i ) = J d'^Xi ■ ■ ■ (fxA exp [i(p3X3 + P4X4 - pixi - P2X2)] X 

X ( T^u{p^)f{x^)u{pA)f{xi)f{xi)u{pi)f{x2)u{p2) ) , (9) 

where f{x) = {i^d — m)tp{x) and is the wave function renormalization. 

Next, the four point function ( T^(x3)V'(2;4)V'(xi)7/'(3;2) ) contained in the rhs of 
(P) is expressed as a functional integral over the quark and the gluon fields, V and B 
respectively, written formally as 

(TV'(x3)V'(x4)^/i(xi)V5(a;2) ) = J VipV^^VB ■ilj{x3)'ip{x4)ilj{xi)ilj{x2) exp[-iSf^nQCD] , 

(10) 

where S'fuUQCD is the full QCD action. The fermion integration is Gaussian and can 
therefore be performed, yielding 

{T'ip{x3)'ip{x4)i^{xi)i;{x2)) = j VBdet[-i{i-fD -m)]x (11) 
X [S'i7'(x3, xi; B) Sf{x4:, X2; B) + Sf{xz, X2; B) 5'f(x4, xi; B)] exp[--i5pureQCD] , 

which contains the functional determinant of the Dirac operator, and the quark propa- 
gators SpixijXj] B) in the external colour potential Bj^ . The functional integration is 
now to be performed only over the gluon fields with the pure QCD action (i. e. with- 
out quark contribution) in the measure. If we concentrate on lowest order exchange 
the determinant can be set to one. Furthermore, if we are interested only in momen- 
tum transfer small compared to the total energy the second (u-channel) term in the 
integrand can be neglected. Collecting all factors we finally obtain 

(pspT'IpiP^) ~ / VBS{p3,pi;B)Sip4,P2;B)exp[-iSp^,eQCD] , (12) 

where S{pi,pj; B) is the scattering matrix element of a quark with momentum pj to 
one with momentum pi in an external colour field B. 
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In the next step we have to find a suitable form for the S'-matrix element S{pi,pj; B). 
One can show that the quark scattering matrix elements S{pi,pj; B) in an external 
field can be expressed as a generalized WKB expression 



S{pi,pj;B) = u{pi)-f^'u{pj)Pexp -W 



-ig j Bp dx^ 



(13) 



where we denote by B the Lie-algebra valued gauge potential. The path-ordered 
integral is taken along the classical path F. From the scattering amplitudes for single 
quarks in the gluon field we obtain, according to (|T2|), the nonperturbative quark-quark 
scattering amplitude by integrating the product of the two scattering amplitudes over 
the gluon field. More specifically, consider two quarks travelling along the light-like 
paths Fi and F2 given by 



ix^,b/2,x^ = and 



(X 



-6/2, 



-X 



(14) 



corresponding to quarks moving in opposite directions with the velocity of light, with 
an impact vector b in the x^x^-plane (referred to in the following as the transverse 
plane). Let Vj(ib6/2) be the phases picked up by the quarks along these paths. 



Vi{±b/2) = Pexp 



(15) 



Then the 5-matrix element for two quarks with momenta pi , p2 and colour indices ai , 
02 leading to two quarks of momenta ^3, ^4 and colours 03, 04, is 



(s, t) = U{p3)^^u{pi)u{p4)-ffj,u{p2) V , 



where 





b (-S)I 















(16) 
(17) 



Here ( • ) denotes functional integration over the gluon field, and q is the momentum 
transfer [pi — p^) projected onto the transverse plane. Of course the approximation 
makes sense only if \q\ <^ \p\. 

In the limit of high energies we have helicity conservation. 



u{P3) l^u{pi) u{pi) J^,u{p2) 



2s(5a3Ai'5a4A2 ) 



(18) 



where Aj are the helicities of the quarks and s = {pi +P2)'^- In the following we can 
thus ignore the spin degrees of freedom. 

In order to come to the nucleon-nucleon scattering amplitude we first consider the 
scattering of two groups of three quarks moving on parallel lightlike world lines, each 
of which has the form 



f?(xo,6/2 + f?,x^ = x°), rl{xo,-b/2 + x^,x^ 



a = 1,2,3. 



(19) 



In order to ensure that these quark clusters asymptotically form colour singlet states all 
colours are parallel-transported in the remote past and future to a reference point of the 
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cluster and there contracted antisymmetrically. This leads to the following S'-matrix 

(20) 



element [69| for scattering of colour-neutral clusters, 



S [x i,X I, X i,X 2, X 2,X 2j ~ 3g^^^2 



77 



MM 



V: 



2 ; , £p'AtV 



The non-Abelian phase factors V" are defined as in (15) with the U-shaped integration 
paths Fj as indicated in figure I for one cluster. The Zi denote again the wave function 




Figure 4: The paths in a colour neutral three-quark cluster 

renormalization for the respective clusters which in lowest order can be set equal to 
one. We introduce the reduced scattering amplitude J related to the 5'-matrix element 
for the scattering of quark clusters, 

J(x\,xf,xf,X2,X2,X2) = S{x \ ,Xi,xf,X2,X2,X2)~^- (21) 

The differential nucleon-nucleon cross section is obtained from the gauge invariant 
scattering amplitude T{s,t) via (|2|). The Odderon contribution T'~^{s,t) to the scatter- 
ing amplitude T(s, t) is computed by integrating over the transverse coordinates with 
a suitable transverse wave function ip, 

T^{s,t) = 2is J (fhe-'^-^ j (i'^Ri(i'^R2|V'(Ri)lV(H-2)P-^(^l,^?,^?,^2>^2'^2)> 

(22) 

where the colour indices in ( pl| ) are symmetric, and Rj denotes the set of positions of 
the quarks relative to the centre of nucleon i, and h is the impact vector between the 
two nucleons (see figure |5|) , 

Ki = [Rj,RlR^) , x1 = ^ + Rl, xl = -^- + R%. (23) 

For a perturbative evaluation of three gluon exchange we expand V" in ([20|) up to 
order g'^ . Expanding the matrix valued field in generators r of ■sn(3), 

/ dz^ B^(z) = S^,r^ (24) 
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Figure 5: The positions of the quarks in transverse space 

we obtain 

-^/Bl^M,Bi'A^''^'^''U + Oig') . (25) 

In principle we have to take into account path ordering in the integral (p4|). But since 
we are only interested in the Odderon contribution, which is symmetric in the colour 
indices, we may discard it here. To that order we also do not need to take into account 
the parallel transporters from the reference points to the light-like paths and we have 
set Zi = 1. 

The lowest order three gluon exchange contribution to (|2^) is obtained by pairing 
three fields of group (1) with three of group (2). In each group we have three possibil- 
ities: 

a) two quarks are not involved 

b) one quark is not involved 

c) all quarks are involved. 

We consider first the respective colour tensors C^, C^, C^. For case a) we have 

Ccc'c" = '^ap-i^a' 13''^' ^aa' ^ I3P' {'T^t'^ )^-f' = ^'^cc'c" + ^fcc'c" , (26) 

where / are the structure constants of su{3) and d the symmetric constants occurring 
in the anti-commutators. For case b) we obtain in the same way the colour factor 

Ccc'c" — ~^dcc'c" ~ -^fcc'c" 1 (27) 
and for the case where all quarks in the nucleon occur in pairings 

Ccc'c" = 2^cc'c" ■ (28) 

Only the symmetrically coupled colours contribute to C = —1 exchange. Since 
in the treatment of DL only case c) was considered they automatically had only a 
negative charge parity contribution (see above). We are only interested in the C = — 1 
contribution and because of the symmetry the path ordering has no infiuence. This 
simplifies the calculation considerably, since now we can perform the integrations along 
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the hghthke paths without restriction and this leads to a projection into the transverse 
space. The general structure of a contribution to (pO|) is therefore given by the product 
of two colour factors C given above and the product of three gluon propagators in 
transverse space connecting a quark of group (1) with one of group (2). 
We therefore obtain for the reduced scattering amplitude 



ia.3 



X , 



(29) 



ai,bi=l 



The factor K is obtained from (pO|), (21) and ( p5[ ) taking into account only colour 
symmetric gluon states. The corresponding contractions and the combinatorial factors 



arising in the sum over indices in ( |29| ) have been calculated in |63, 70 1. We refer the 
reader to ||7^ for the somewhat cumbersome details, x is the gluon propagator in 
transverse space, 



x{x, y) 



1 



(27r)2^2+^2 



— i^o {m\x-y\ 



-ik-{x-y) 



(30) 
(31) 



where Kq is the modified Bessel function. The single diagrams are infrared divergent. 
In order to regularise them we have introduced a gluon mass m which is possible in LO 
approximation. In the final gauge invariant expressions we can set the gluon mass to 
zero. 

For the quark density in the nucleon we make the simple ansatz 



V'(i?l,i?2,i?3) 



2 1 
7r52 



exp 



2i?| 

02 
Dp _ 



5^ (i?2 -Mf3Ri)5\R3- M.f, R,), (32) 



where Mr- 



vr 



_ ' cos P — sin P 
^ \ sin (3 cos f3 
electromagnetic radius of the nucleon. We choose Sp 



and (3 



a/2. The quantity Sp determines the 
0.8 fm in the range given in 



0, 0]. The meaning of the angle a is illustrated in figure g. The value a 



2n 




Figure 6: Definition of the angle a characterising the proton configuration 

corresponds to a Mercedes star configuration of the quarks in the nucleon. a = 
corresponds to a quark-diquark picture of the nucleon with an exactly pointlike diquark. 
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For small angles a we can still speak of a diquark-cluster in the nucleon, and we call 
the distance d between the two quarks in such a cluster the diquark size, see figure ^ 
With the wave function ( |3^ ) one then obtains for the average diquark size (d) 

(d) = ./I sin ("^ S, . (33) 



2 V2. 

3 Results 

In the following we use the Donnachie-Landshoff fit as a framework for confronting 
different models for the coupling of the Odderon to the proton with the pp and pp elastic 
scattering data in the dip region. This is done by replacing the Odderon contribution 
to the scattering amplitude T in the DL fit by the other models for T*-^ discussed in 



sections |2.2| and |2.3| . The integrations in the calculation of the differential cross section 
are performed numerically. 

The results for the differential cross section in the dip region are shown in figure |^ 
together with the relevant data. For comparison we also show the Donnachie-Landshoff 



fit described already in section 2.1 as the dotted line in this figure. 

The solid line in figure |^ represents the result obtained with the geometric model 
for the proton described in section |2.3| . It almost coincides with the DL fit and gives 
a satisfactory description of all available data. We have fixed the value of the strong 
coupling at Og = 0.4 and then adjusted the angle a characterising the proton configu- 
ration. The optimal description of the data is obtained for a = 0.14 vr, corresponding 
to an average diquark size of 0.22 fm. For other choices of the average diquark size (or 
equivalently of the angle a) and fixed Og = 0.4 the description of the data becomes 
much worse as is illustrated in figure I for one centre-of-mass energy, = 44.7 GeV. 
The situation is very similar for the other centre-of-mass energies. With increasing 
average diquark size {d) the minimum of the differential cross section moves towards 
smaller t. At the same time the depth of the dip changes in such a way that the optimal 
value of {d) can be determined with only a small uncertainty. 

The parameters as, a, and Sp are of course strongly correlated in their effect on the 
differential cross section. Since Sp is rather strictly constrained by the electromagnetic 
size of the nucleon we do not vary it here. The constraints on the other two parameters 
in our model, on the other hand, are only weak. The correct value of the strong coupling 
constant is not known precisely in the dip region but has a strong effect on the cross 
section as it enters in the third power on the amplitude level already. The correct value 
for the angle a is even less constrained, and also the variation of a has a strong effect on 
the cross section. This is particularly true for small values of a (or small diquark sizes) 
which are known to imply a strong suppression of the amplitude. In the framework 
of our present investigation it is obviously not possible to determine and the angle 
Q independently. We have therefore determined the optimal value for a also for other 
choices of as than the one mentioned above. For the choice as = 0.3, for instance, we 
find that the best description of the data results for a = 0.22 vr, corresponding to an 
average diquark size of {d) = 0.34 fm. Choosing = 0.5 instead, we find an optimal 
value of a = 0.095 vr, corresponding to {d) = 0.15 fm. We would like to point out that 
the resulting sizes of the diquark cluster in the nucleon are thus rather small for all 
reasonable choices of Og at the relevant momentum scale in the dip region. A Mercedes 
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Figure 7: Differential cross section for elastic pp scattering calculated using different 
couplings of the Odderon to the proton: the original Donnachie-Landshoff fit (dotted) , 
our geometrical model for the proton (solid), and the Fukugita-Kwiecihski (FK, long- 
dashed) and Levin-Ryskin (LR, short-dashed) impact factors 
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Figure 8: Dependence of the differential cross section on the average diquark size {d) 
chosen in our geometric model of the proton for fixed coupling constant = 0.4 



star configuration in the proton would in fact imply an unrealistically small value of 
as — 0.17. This result of course assumes that LO perturbation theory can be applied 
in the dip region. 

We now turn to the models for the Odderon-proton impact factor described in 
section 2^. Both models contain two parameters one of which is the strong coupling 
as- The other one is in the case of the Fukugita-Kwieciiiski (FK) model the parameter 
A = mp/2, in the case of the Levin-Ryskin (LR) model it is the parameter Rp. The 
latter parameters are again related to the proton size and should thus be considered 
strongly constrained. We therefore keep them at the values given in the original papers 
(as quoted in section 2.2) and vary only as- The differential cross section obtained with 
the Fukugita-Kwiecihski model (0) for the impact factor is shown as the long-dashed 
curve in figure |^. It gives an equally good description of the data as the DL fit and 
as our geometric model of the proton. In order to obtain this curve we have chosen 
as = 0.3 instead of the value as = 1.0 originally proposed in ||6^. Had we chosen that 
value instead, the resulting differential cross section would dramatically overshoot the 
data and not even show a dip structure, as is illustrated for one centre-of-mass energy 
(y^ = 44.7 GeV) in figure ^. Also the Levin-Ryskin model (^) for the impact factor 
leads to a good description of the data when the strong coupling constant is chosen 
as as = 0.5. The corresponding differential cross section is shown as the short-dashed 
curve in figure |^ Also here the dependence of the cross section on as is very strong, 
actually being the same as in the case of the FK model as can be easily seen from eq. 

(I). 

Finally, we turn to the differential cross section for elastic pp scattering. Unfortu- 
nately, sufficiently many data points are available only for one centre-of-mass energy in 
the ISR range, ^/s = 53 GeV. Our results for that energy are shown in figure 10. Here 
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= 44.7 GeV 




-t [GeV2] 

Figure 9: Dependence of the differential cross section obtained from the Fukugita- 
Kwiecihski impact factor on the choice of 

we have used the same parameters as for the curves in figure 0. Again, our geometric 
model as well as the two models for the impact factors lead to a description of the data 
which is as good as the Donnachie-Landshoff fit, producing a shoulder rather than the 
dip observed in pp scattering. 

In summary we can say that the experimental data available in the dip region are 
by far not precise enough to distinguish between different models for the coupling of the 
Odderon to the proton. All models for that coupling and the corresponding models for 
the proton structure lead to a satisfactory description of the data when the respective 
parameters are chosen appropriately. But for a given model these parameters are quite 
strongly constrained by the data. This applies in particular to the value of in the 
two models using impact factors. 

4 Conclusions 

The only clear experimental evidence for the existence of an Odderon comes from 
measurements of the differential cross section for high energy elastic pp and pp scattering 
in the dip region at around |t| ~ 1.3 GeV^. The Odderon contribution to this process is 
expected to be sensitive to the proton structure. In the present paper we have studied 
different models for the Odderon-proton coupling. As a framework we have used the 
Donnachie-Landshoff fit which successfully describes all available data for this process, 
and we have replaced the Odderon contribution to this fit by the respective model. We 
have taken two models for the Odderon-proton coupling from the literature. These 
two models are based on impact factors in momentum space. In addition, we have 
constructed a geometric model for the proton in which the effect of a possible diquark 
cluster can be studied. In all three cases the Odderon is modelled by perturbative 
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Figure 10: Differential cross section for elastic pp scattering at ^/s = 53 GeV as calcu- 
lated using different couplings of the Odderon to the proton: the original Donnachie- 
Landshoff fit (dotted) , our geometrical model for the proton (solid) , and the Fukugita- 
Kwiecihski (FK, long-dashed) and Levin-Ryskin (LR, short-dashed) impact factors, 
data taken from 



three-gluon exchange in the C = —1 channel. 

We find that all models for the Odder on-proton coupling give very similar results if 
the model parameters, in particular the strong coupling constant, are chosen appropri- 
ately. All models work as well as the original Donnachie-Landshoff fit. The available 
data cannot distinguish between the different models. But for a given model the data 
impose very strong constraints on the parameters of that model. Using our geometric 
model we find that the average size of the diquark cluster in the proton is quite small, 
(d) < 0.35 fm. This result is obtained when assuming that reasonable values for strong 
coupling constant as in the dip region are larger than 0.3. In the nonperturbative 
model used in [^] such a small diquark is sufficient to explain the absence of an Odd- 
eron signal in the ratio of the real to imaginary part in the forward direction |^] . This 
can be understood easily. In the nonperturbative model for the IR behaviour of QCD 
soft gluons dominate and therefore the resolution is much coarser. 

It turns out that in the models based on Odderon-proton impact factors the data 
impose rather strong constraints on the choice of the strong coupling constant which 
appears as a parameter in these models. In the case of the impact factor proposed by 
Levin and Ryskin we find that has to be chosen as 0.5, i. e. a value rather close to 
the 1/3 proposed originally. 

Of particular interest is the model for the Odderon-proton impact factor proposed 
by Fukugita and Kwiecihski. Recently, this model has been used for the calculation 
of different processes, among them the diffractive photo- and electroproduction of r]c 
mesons at HERA. This process is currently considered to be one of the best possible 
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ways to observe the Odderon experimentally. The corresponding calculations p8| , 49 
^] use a rather large value ag = 1 in the impact factor. In order to describe the data 
for pp elastic scattering with this impact factor, however, we find that Og needs to be 
chosen as 0.3. This observation indicates that the current estimates for diffractive rjc 
production at HERA might be somewhat optimistic. 

In our study we have assumed that the Odderon can be modelled by perturbative 
three-gluon exchange. However, the dip region of pp elastic scattering is located at 
momentum transfers \/t just slightly above 1 GeV, that is at the lowest edge of the 
applicability of perturbation theory. It would therefore be very desirable to study this 
process also in the framework of a nonperturbative model. 
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